Accumulation of lipid droplets and inflammatory cell infiltration is the hallmark of nonalcoholic steatohepatitis (NASH). The roles of noncoding RNAs in NASH are less known. We aim to elucidate the function of miR-141/200c in diet-induced NASH. WT and miR-141/200c -/mice were fed a methionine and choline deficient (MCD) diet for 2 weeks to assess markers of steatosis, liver injury, and inflammation. Hepatic miR-141 and miR-200c RNA levels were highly induced in human patients with NASH fatty liver and in WT MCD mice. miR-141/200c -/-MCD mice had reduced liver weights and triglyceride (TG) levels, which was associated with increased microsomal TG transfer protein (MTTP) and PPARa but reduced SREBP1c and FAS expression. Inflammation was attenuated and F4/80 macrophage activation was suppressed in miR-141/200c -/mice, as evidenced by decreased serum aminotransferases and IL-6 and reduced hepatic proinflammatory, neutrophil, and profibrotic genes. Treatment with LPS in BM-derived macrophages isolated from miR-200c/141 -/mice polarized macrophages toward the M2 antiinflammatory state by increasing Arg1 and IL-10 levels while decreasing the M1 marker iNOS. In addition, elevated phosphorylated AMPK (p-AMPK), p-AKT, and p-GSK3b and diminished TLR4 and p-mTOR/p-4EBP1 proteins were observed. Lipidomics and metabolomics revealed alterations of TG and phosphatidylcholine (PC) lipid species by miR-141/200c deficiency. In summary, miR-141/200c deficiency diminished NASH-associated hepatic steatosis and inflammation by reprogramming lipid and inflammation signaling pathways.
Introduction
The prevalence of nonalcoholic steatohepatitis (NASH) is on the rise and is estimated to affect ~5% of the general population, posing a significant risk factor for hepatic cirrhosis and hepatocellular carcinoma (1) . NASH is the advanced stage of nonalcoholic fatty liver disease (NAFLD) and encompasses a continuum of hepatic disorders ranging from fatty liver or steatosis to inflammation, along with varying degrees of fibrosis and cirrhosis (2) . Dysregulation of lipid metabolism is the main perpetrator in the pathogenesis of NASH, where excess triglyceride (TG) accumulation is a consequence of increased fatty acid and TG synthesis and decreased export (3) . The accumulation of intrahepatic lipids provides a toxic environment for hepatocytes, leading to activation of liver resident macrophages, Kupffer cells (KCs), which in turn release proinflammatory cytokines. Thus, liver infiltration with inflammatory cells is a key feature of NASH. A growing body of evidence has reported that cell damage, mitochondrial dysfunction, oxidative stress, and inflammation play key roles in the pathogenesis of NAFLD/NASH (4) .
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chromosomal clusters (miR-141/miR-200c and miR-429/miR-200a/200b) with distinct functions, despite containing very similar seed sequences (13) . Reduced miR-200b and miR-200c expression was reported in steatotic livers of mice fed a high-fat (HF) diet (14) . The expression of miR-200a and miR-200b was positively correlated with the progression of liver fibrosis (15) . In contrast, reduced miR-200c levels in hepatocytes contributed to IL-6-induced insulin resistance via upregulation of FOG2 expression (16) . These conflicting findings suggest the need to properly investigate the in vivo role of miR-141/200c on the progression of NAFLD/NASH using specific KO mice.
There are several commonly used experimental models to study NASH. The HF or HF/high-fructose diets give rise to an obese and insulin-resistant state; however, these diets mildly produce steatosis and inflammation, and liver fibrosis was only observed with chronic long-term feeding. On the contrary, the methionine-choline deficient (MCD) diet rapidly produces the NASH phenotype of hepatic steatosis, inflammation, and fibrosis in mice within a short timeframe; however, it does not generate the obese and insulin-resistant phenotype associated with the human NASH phenotype (17) . Nonetheless, feeding mice using an MCD diet is a frequently used model of NASH that induces aminotransferase elevation and hepatic histological features characterized by steatosis, focal inflammation, and fibrosis.
In the present study, we investigated the effect of loss of miR-141/200c on the development of NASH using the MCD diet, which is a robust model to induce steatohepatitis and recapitulates key features of the inflammatory and lipid profile seen in human NASH conditions, with no or minimal features of the metabolic syndrome. We report that miR-141/200c deficiency diminished hepatic steatosis, liver injury, and inflammation by altering multiple signaling pathways and reprogramming metabolic and lipid profiling. Currently, there are no effective therapies or established medical treatments for NASH; therefore, our results provide potentially novel insights into the understanding of the role of noncoding RNAs in NASH. . Data are represented as mean ± SEM. Differences between 2 groups were compared using a Student's unpaired t test. For multiple groups, differences were compared using a one-way ANOVA followed by Newman-Keuls multiple comparisons test. **P < 0.01 indicate statistical significance.
Results
miR-141 and miR-200c are markedly induced in NASH livers in humans and mice. In humans, the miR-141 is located on chromosome 12 (12q13.31) together with miR-200c. To determine their involvement in NASH, we analyzed both miRNAs in 2 groups of human NASH liver specimens, i.e., NASH without fatty liver (nonfatty liver) and NASH with fatty liver (fatty liver). The liver samples without patient identification were provided by the Liver Tissue Cell Distribution System, and the clinical data sheets obtained did not provide NASH Clinical Research Network (NASH CRN) scores. As shown in Supplemental Table 2 (supplemental material available online with this article; https://doi.org/10.1172/jci.insight.96094DS1), age was similar between NASH fatty and NASH nonfatty liver patients. Sex distribution was similar in NASH nonfatty liver, while in NASH fatty liver, more females were affected than males. Other biochemical characteristics such as model end liver disease (MELD) score, total bilirubin, albumin, aspartate aminotransferase (AST), and alkaline phosphatase (ALP) were similar between groups, while creatinine levels were significantly elevated in NASH fatty vs. NASH nonfatty groups. Compared with normal control livers, miR-141 and miR-200c expression levels were upregulated in NASH nonfatty livers, albeit not significantly, and there was a 6-fold induction of miR-141 and miR-200c RNA levels in NASH fatty livers ( Figure 1A ). miR-141 and miR-200c were also highly expressed in human Huh7 cells, with low levels detected in HepG2 cells (Supplemental Figure 1A) . The results provide the clinical relevance of the study. In addition, liver Figure 1B) , confirming the deletion of these 2 microRNAs. The very low levels of both miRs in livers and hepatocytes of KO mice were background signals. 
miR-141/200c deficiency attenuates MCD diet-induced hepatic lipid accumulation.
Body weights were similar between WT and miR-141/200c -/mice before (data not shown) and after the 2-week MCD diet feeding regime (Figure 2A ). However, absolute and relative liver weights were significantly reduced in miR-141/200c -/-MCD mice compared with WT MCD mice, while no differences were detected between groups on the CD (Figure 2A ). Fasting serum glucose levels were lower in miR-141/200c -/vs. WT mice fed the CD, which were at similar levels between WT and miR-141/200c -/mice on the MCD diet (Supplemental Figure 2A ). Fasting serum TG levels were no different between WT and miR-141/200c -/mice on CD and MCD diets ( Figure 2B ). Interestingly, liver TG contents were markedly lower in miR-141/200c -/-MCD vs. WT MCD mice ( Figure 2B ). On the other hand, cholesterol levels were not altered in miR-141/200c -/-MCD vs. WT MCD mice (Supplemental Figure 2B ).
Hepatic lipid accumulation is one of the most prominent characteristic features of NASH and can induce further liver injury and inflammation. The MCD diet does not produce obesity or increased weight gain in mice, but steatosis develops within a short timeframe (18, 19) . H&E staining showed no overt differences in liver architecture between WT CD and miR-141/200c -/-CD mice. However, there was noticeable decrease in lipid droplets and the infiltration of inflammatory cells in miR-141/200c -/-MCD vs. WT MCD mice (red arrows) ( Figure 2C ). Oil Red O staining (Supplemental Figure 2C ) further revealed a marked reduction of accumulation of lipid droplets in miR-141/200c -/-MCD vs. WT MCD mice.
We next analyzed hepatic proteins and mRNAs associated with de novo lipogenesis and lipid transport. SREBP1 is a master regulator of lipogenesis (20, 21) . Its precursor form (pSREBP1) was markedly increased, whereas its nuclear form SREBP1 (nSREPB1) was decreased in miR-141/200c -/-MCD vs. WT MCD mice, as shown by the quantification results ( Figure 2D ); this is indicative of impaired cleavage. In addition, fatty acid synthase (FAS) protein was downregulated, whereas microsomal TG transfer protein (MTTP) protein was upregulated in miR-141/200c -/vs. WT mice ( Figure 2E ), suggesting decreased lipid synthesis but increased lipid transport. Figure 3D ), macrophage and neutrophil markers (F4/80 and LyG6) ( Figure 3E ), and fibrotic genes (Col1a1, TGFβ) ( Figure 3F ) were highly induced by MCD diet in WT mice but to a lesser extent in miR-141/200c -/mice. Additional fibrosis-related genes including MMP2, ICAM, and α-SMA did not show marked differences in WT and miR-141/200c -/mice on either CD or MCD diet (Supplemental Figure 3C ).
Masson's trichrome staining is commonly used to visually assess collagen levels associated with diet-induced fibrosis (blue coloration). Collagen deposition was slightly lower but did not reach statistical significance in WT and miR-141/200c -/mice ( Figure 3G ). In addition, the activation status of KCs was histologically examined by assessing F4/80-positive cells in liver sections ( Figure 3G ). Feeding an MCD diet caused recruitment of KCs into clusters in WT mice, which was markedly less abundant in miR-141/200c −/− mice ( Figure 3G ). Macrophages are phenotypically heterogeneous and can be characterized according to their activation or polarization state as M1 "classically activated" proinflammatory macrophages or M2 "alternatively activated" antiinflammatory macrophages (22, 23) . We found that M1 polarization marker iNOS was reduced, whereas M2 polarization marker Arg1 was increased in livers of miR-141/200c -/-MCD vs. WT MCD mice ( Figure 3H ). Interestingly, M1 and M2 transcriptional activators HIF1α, C/EBPβ, and STAT3 remained unaltered in miR-141/200c -/vs. WT mice (Supplemental Figure  3D) . Similarly, protein expression of p-STAT3 and total STAT3 (t-STAT3) was also not altered in livers of WT and miR-141/200c -/mice (Supplemental Figure 3E ). We also examined caspase-3, a marker of early apoptosis, and observed a modest reduction of its cleavage in miR-141/200c -/vs. WT mice (Supplemental Figure 4A ). The number of TUNEL-positive cells were lower, albeit not significant in miR-141/200c -/vs. WT mice (Supplemental Figure 4B) .
miR-141/200c -/mice exhibit predominance of M2 macrophage phenotype when exposed to LPS. To further assess the regulatory role of miR-141/200c in inflammation, BM cells were isolated from WT and miR-141/200c -/mice to generate BM-derived macrophages (BMDMs). BMDMs of WT mice treated with LPS (10 ng/ml) for 24 hours polarized macrophages preferentially toward a proinflammatory M1-like profile with increased expression of iNOS, IL-6, and IL-1β mRNA ( Figure 4A ). However, the induction of IL-6 and IL-1β mRNA expression by LPS was diminished in macrophages derived from miR-141/200c -/mice ( Figure 4A ). This was accompanied by the lesser induction of M1 transcriptional regulators HIF1α and NFκβ with LPS treatment ( Figure 4B ). On the contrary, miR-141/200c deficiency polarized the macrophage phenotype toward the M2-like state, as evidenced by the further induction of Arg1 and IL-10 mRNA expression by LPS treatment ( Figure 4C ). Consistent with this, the expression of the M2 transcriptional regulator KLF4 was highly induced in miR-141/200c -/macrophages compared with WT, while C/EBPβ and STAT3 mRNA expression was similar ( Figure 4D ). Taken together, miR-141/200c deficiency appears to favor macrophages toward an M2-like profile in the presence of LPS under in vitro conditions.
Multiple hepatic signaling pathways are altered by miR-141/200c deficiency. At the cellular level, MAPKs, AMPK, PPARs, and TLR signaling pathways are major links to the pathology of NASH. Therefore, we assessed their activation status to determine the regulatory role of miR-141/200c in steatosis and inflammation ( Figure 5 ). Nuclear receptor PPARα activates fatty acid β-oxidation, and its expression was increased in miR-141/200c -/mice compared with WT mice ( Figure 5A ). In contrast, PPARγ protein expression remained unaltered. AMPK is a central regulator of energy balance, and its phosphorylation activates downstream target molecules including PPARα to promote fatty acid oxidation (24) . We observed increased AMPK phosphorylation in miR-141/200c -/mice compared with WT mice.
The ERKs play a major role in the cellular response induced by growth factor stimulation, and SAPK/JNK and P38 are related with stress and inflammation (25) . Activation of SAPK/JNK is known to be involved in the pathogenesis of NAFLD (26) , which was observed in miR-141/200c -/mice (Figure 5B) . On the contrary, there was reduced phosphorylation of ERK1/2 and P38 in miR-141/200c -/vs. WT mice. A minor increase in AKT phosphorylation in miR-141/200c -/vs. WT mice ( Figure 5C ) was consistent with studies reporting reduced AKT protein levels in NAFLD (24) . Interestingly, the Table 1 List of lipid classes and the total number of lipid species detected from untargeted lipidomics (CSH-QTOF mass spectrometry) profiling from livers of mice. The total number of lipid species are detected from either negative or positive ion mode in mice overall. Not detected, ND.
. Lipid classes detected in mouse liver and the total number of individual lipid species within each class
phosphorylated glycogen synthase kinase 3-β (GSK3β) was highly elevated ( Figure 5C ), resulting in inactivation of GSK3β activity to promote glycogen synthesis and prevent lipid accumulation. Among other signaling pathway regulators, TLR4 protein was reduced in miR-141/200c -/mice, whereas IKKβ protein was not altered ( Figure 5D ). On the other hand, both p-mTOR and its target protein p-4EBP1 were significantly reduced in miR-141/200c -/vs. WT mice, whereas p70S6K was unaltered ( Figure 5E ). These results are in agreement with the notion that mTOR signaling can promote de novo lipogenesis through activation of SREBP1 (27) , thereby contributing to the pathogenesis of NASH.
miR-141/200c deficiency disrupts hepatic TG and PC lipid species. In order to comprehensively assess lipid metabolites altered by miR-141/200c -/deficiency, we performed lipidomics analysis using CSH-QTOF mass spectrometry. We identified a total of 203 lipid molecules from 96 positive and 107 negative ions in the liver, including 96 phospholipids, 37 sphingolipids, 57 neutral lipids, and 13 free fatty acids (FFAs) ( Table 1) . A majority of TG lipid species, expressed as relative fold change to WT ( Figure 6A ) and as average ion peak height (Supplemental Figure 5, A and B) , were found to be reduced in miR-141/200c -/mice. Interestingly, a large number of phospholipids, including phosphatidylinositol (PI), phosphatidylserine (PS), and a majority of phosphatidylcholine (PC), were markedly elevated in miR-141/200c -/vs. WT mice ( Figure 6, B and C) . Additionally, sphingolipids, including sphingomyelin (SM) and ceramide lipid species, were also increased in miR-141/200c -/mice ( Figure 6 , D and E). No major alterations were observed in fatty acids (Supplemental Figure 6B) . Overall, miR-141/200c deficiency reduced hepatic neutral lipid accumulation (mainly TGs) but resulted in increases of PC, PI, and PS lipid species compared with WT mice. miR-141/200c deficiency alters metabolomics profiling. Metabolomics provides a powerful tool to depict changes in the hepatic metabolome and offers new insight into the cellular metabolic pathways regulated by miR-141/200c. We used untargeted metabolomics profiling (GC-TOF mass spectrometer) to elucidate changes in liver metabolites of WT and miR-141/200c -/mice fed the MCD diet. Metabolomics analyses identified about 130 known metabolites in the liver belonging to major metabolic pathways such as carbohydrate and sugar complexes, fatty acids, hydroxyl acids, pentose phosphate, amino acid, and nucleotides. Of the altered metabolites between WT and miR-141/200c -/mice, changes were mostly observed in amino acids (ornithine, N-methylalanine, histidine, leucine, and aminomalonate), saturated fatty acids (palmitic acid, myristic acid, stearic acid, and heptadecanoic acid), and cholic acid (Figure 7 , A-C). Correlation matrix clustering showed subsets of metabolites with strong correlation, particularly in the amino acid pathway (Supplemental Figure 7) . The data set were subjected to 2-tailed t test analysis to identify unique metabolome patterns altered between WT and miR-141/200c -/mice. Significant changes were observed in 11 metabolites including isohexonic acid, cholic acid, glycerol, glyceric acid, myoinositol, heptadecanoic acid, myristic acid, aminomalonate, lauric acid, histidine, and ornithine (Supplemental Figure 8 ).
Discussion
microRNAs play key roles in various liver diseases, including liver cancer and fibrosis; however, limited studies have focused on the in vivo regulation of NASH development by miRNAs. Using a newly generated miR-141/200c -/mouse model, our results demonstrate that genetic deletion of the miR-141/200c cluster significantly attenuates steatosis and inflammation in diet-induced NASH ( Figure 7D ). Further- The pathways associated with steatosis and inflammation are interconnected to form an intricate regulatory network and can mutually enhance each other, forming a vicious cycle. miR-141/200c deficiency in mice reduced TG accumulation via AMPK activation to promote PPARα-mediated fatty acid β-oxidation. Additionally, a role for mTOR signaling has been reported in patients with NAFLD (28) . AMPK can negatively regulate mTOR signaling to reduce lipogenesis via downregulation of SREBP1 and its target FAS. Thus, our results are consistent with studies reporting a role for AMPK activation in the attenuation of hepatic steatosis (24) . It is also worth noting that the changes in AMPK and mTOR phosphorylation may likely be a compensatory effect as a result of the decreased NASH phenotype rather than a direct role of the miR-141/200c cluster in mediating these changes.
In miR-141/200c-deficient mice fed the MCD diet, we observed reduced levels of genes associated with inflammation and fibrosis. Indeed, this could be due to the indirect effects or due to a direct loss of miR-141 and miR-200c regulation. Identification of miR-141 and miR-200c target genes warrants future investigation. To determine role of miR-141/200c in mediating inflammation, we assessed the activation status of macrophages in response to LPS. Macrophages have different functional states exhibiting a proinflammatory M1 or antiinflammatory M2 phenotype (29) . The M1 phenotype is characterized by high expression of proinflammatory cytokines and toxic intermediates, while the M2 phenotype typically have increased antiinflammatory cytokine production and expression of genes involved in tissue repair, remodeling, and immune regulation (23) . In both in vitro and in vivo models, we demonstrated that miR-141/200c deficiency tends to polarize macrophages away from the M1 proinflammatory state and toward the M2-like anti-inflammatory state in the presence of an M1 inducer. It is important to note that, although the precise mechanisms pertaining to this macrophage phenotype differ, it appears that miR-141/200c deficiency somehow protects against the activation of macrophages toward the M1-like phenotype. Interestingly, under in vitro conditions, the polarization toward the M2-like phenotype appears to be mediated via reduced HIF1α and NF-κβ, known transcriptional regulators of the M1 macrophage phenotype. Our findings are in accordance with studies by Wan et al., who demonstrated that reducing M1 KC polarization can reduce NASH progression and that M2 KCs promotes apoptosis of M1 KC during NAFLD progression in mice (30) . Collectively, the reduced steatosis and inflammation associated with miR-141/200c deficiency may be related to, at least in part, predominance of the M2-like macrophage phenotype.
Increased levels of saturated and monounsaturated FFAs have been implicated in triggering inflammation and, thus, potentially serving as endogenous danger signals in NASH patients. Indeed, several saturated fatty acids were significantly reduced in miR-141/200c -/mice compared with WT mice. Besides the storage of TGs, steatohepatitis is also associated with changes in phospholipid metabolism, with PCs accounting for ~70 % of the total phospholipid content (31) . miR-141/200c deficiency was associated with increased PC content, which was in accordance with studies reporting that NAFLD is associated with reduced PC levels in human patients (32) . Other studies have described a trend of reduced SM content and short-chain ceramide in the portal circulation of NASH subjects (33) . Additionally, dietary SM supplementation in HF-fed mice has been found to reduce total hepatic TG levels (34) . Thus, the increased SM and ceramide in miR-141/200c -/mice may play a role in reducing hepatic TG accumulation. The molecular basis by which miR-141/200c regulates phospholipid and sphingolipid metabolism remains undefined and warrants further investigation.
Further studies will incorporate the use of female mice to determine whether sex differences are observed in the pathogenesis of NASH. Ideally, tissue-specific KOs would be required to bypass the limitations of traditional constitutive KO models in terms of compensatory mechanisms. Because the MCD diet has its limitation to study steatohepatitis, additional diet models would be useful to further explore the role of miR-141/200c in NASH development. Furthermore, the relative contributions of miR-141 and miR-200c need to be delineated by using siRNAs or specific inhibitors in future studies.
In summary, miR-141/200c deficiency ameliorates NASH-associated hepatic steatosis, injury, and inflammation by reprogramming multiple signaling pathways. Further studies are warranted to identify common regulatory pathways regulated by miR-141/200c in other chronic liver diseases.
Methods
Experimental animals. miR-141/200c -/mice and WT littermates were generated on a 129P2 background through heterozygote mating from our laboratory. The embryonic stem cells (ES cells) for double deletion of miR-141 and miR-200c used for this research project were generated by the trans-NIH KOMP and obtained from the KOMP Repository (www.komp.org). We contracted with KOMP to generate the germline-transmitted lacZ-neo-floxed mice. We then crossed the mice with a germline β-actin-Flpe to restore the functional WT allele. Conditional mice were then crossed with the β-actin-Cre transgenic mouse to generate mice deficient for both miR-141 and miR-200c (miR-141/200c -/-). Age-matched (10 weeks of age) male mice were used for all experimental procedures and were maintained on a 12-hour light-dark cycle in a temperature (22°C) and humidity controlled (45%-55%) environment with ad libitum access to food and water. miR-141/200c -/mice and their WT littermates (n = 5-8 mice per group) were fed a CD (Harlan Teklad, TD.94149; 16.8% kcal protein, 61.3% kcal carbohydrate, 21.9% kcal fat plus L-methionine [8.2 g/ kg] and choline [1.4 g/kg]) or MCD diet (Harlan Teklad, TD.90262; 15.9% kcal protein, 62.3% kcal carbohydrate, 21.8% kcal fat) for 2 weeks to induce the NASH phenotype. After 2 weeks of the feeding regime, mice were fasted overnight and then euthanized, and blood and livers were collected.
Human liver specimens. The coded human liver specimens were obtained through the Liver Tissue Cell Distribution System funded by NIH Contract HSN276201200017C, as described previously (35) (36) (37) . Three groups of liver specimens were used: control normal (n = 10), NASH nonfatty liver (n = 15), and NASH fatty liver (n = 20).
Cell lines, primary mouse hepatocyte and BM isolations, and cell culture. The human hepatocellular carcinoma cell lines HepG2 and Huh7 (Health Science Research Resources Bank, JCRB0403) (38) were cultured in DMEM containing glucose (4.5 g/l) and 10% FBS (Gibco, Thermo Fisher Scientific) under standard conditions as described previously (35, 39) . Primary mouse hepatocytes were isolated from 10-week-old WT and miR-141/200c -/mice as previously described (39, 40) . In brief, primary mouse hepatocytes were isolated from male adult mice by a 2-step collagenase perfusion method and purified by Percoll (GE Healthcare) gradient centrifugation. Approximately 5 × 10 5 isolated hepatocyte cells were plated onto each well of a collagen-coated 6-well plate and were maintained in DMEM containing glucose (4.5 g/l; Gibco) and 10% FBS. BM cells were isolated from the tibia and femurs of 10-week-old male WT littermates and miR-141/200c -/mice. Cells were differentiated into mature macrophages (BMDMs) in RPMI-1641 media (Gibco) containing 10% FBS (Atlanta Biologicals), 100 U/ml penicillin (Gibco), 100 μg/ml streptomycin (Gibco), and 10 ng/ml macrophage CSF (M-CSF, R&D Systems). After 7 days in culture, BMDMs were treated with or without LPS (10 ng/ml, MilliporeSigma) for 24 hours, followed by RNA isolation.
Biochemical analysis. TGs were extracted from liver homogenates as described previously (41) . Liver and serum TGs were measured calorimetrically as described previously (21) . Levels of hepatic H 2 O 2 were measured fluorometrically using an Amplex Red reagent (Thermo Fisher Scientific). Lipid peroxidation was measured by determining levels of malondialdehyde (MDA) levels using TBARs according to the method of Ohkawa et al. (42) . The absorbance of the butanol layer was measured at 532 nm using 1,1,3,3-tetraethoxypropane (MilliporeSigma) as a standard. AST, ALT, and IL-6 levels in fasted serum were measured using Infinity assay kit (Point Scientific) or an ELISA kit (Cayman Chemicals), respectively, as described previously (37) . Serum glucose was measured calorimetrically (Cayman Chemicals).
Immunoblotting analysis. Livers were lysed in radio-immunoprecipitation assay buffer (RIPA) containing phosphatase and proteasome cocktail inhibitors as previously described (43) . Equal amounts of protein from 5 livers in each group (n = 5 per group) were pooled. Approximately 20 μg of protein was separated by a 10%-12% SDS-PAGE and transferred onto a PVDF membrane. The membrane was blocked in 5% milk in tris-buffered saline plus tween (TBST) and incubated in primary antibody overnight at 4°C. The specific primary antibodies used were PPARα (sc-9000, Santa Cruz Biotechnology Inc.), PPARγ (sc-7196, Santa Cruz Biotechnology Inc.), Thr172 p-AMPK (50081, Cell Signaling Technology), AMPK (5832, Cell Signaling Technology), Ser473 p-AKT (4060, Cell Signaling Technology), Thr202/Tyr204 p-ERK1/2 (4377, Cell Signaling Technology), Thr180/Tyr182 p-P38 (4511, Cell Signaling Technology), Thr183/Tyr185 p-JNK (4668, Cell Signaling Technology), TLR4 (sc-293072, Santa Cruz Biotechnology Inc.), IKKβ (8943, Cell Signaling Technology), Ser9 p-GSK3β (5558, Cell Signaling Technology), SREBP1 (sc-8984, Santa Cruz Biotechnology Inc.), FAS (sc-55580, Santa Cruz Biotechnology Inc.), α-tubulin (3873, Cell Signaling Technology), β-actin (3700, Cell Signaling Technology), MTTP (PA542391, Thermo Fisher), Ser2448 p-mTOR (5536, Cell Signaling Technology), mTOR (2983, Cell Signaling Technology), Ser 371 p-p70S6K (9208, Cell Signaling Technology), Thr37/46 p-4EBP1 (2855, Cell Signaling Technology), Ser727 p-Stat3 (sc-81523, Santa Cruz Biotechnology Inc.), Stat3 (sc-293151, Santa Cruz Biotechnology Inc.), and caspase-3 (9662, Cell Signaling Technology). The membrane was incubated in the corresponding HRP-conjugated
